We aimed to investigate metabolites associated with the 28-joint disease activity score based on erythrocyte sedimentation rate (DAS28-ESR) in patients with rheumatoid arthritis (RA) using capillary electrophoresis quadrupole time-of-flight mass spectrometry. Plasma and urine samples were collected from 32 patients with active RA (DAS28-ESR�3.2) and 17 with inactive RA (DAS28-ESR<3.2). We found 15 metabolites in plasma and 20 metabolites in urine which showed a significant but weak positive or negative correlation with DAS28-ESR. When metabolites between active and inactive patients were compared, 9 metabolites in plasma and 15 in urine were found to be significantly different. Consequently, we selected 11 metabolites in plasma and urine as biomarker candidates which significantly correlated positively or negatively with DAS28-ESR, and significantly differed between active and inactive patients. When a multiple logistic regression model was built to discriminate active and inactive cohorts, three variables-histidine and guanidoacetic acid from plasma and hypotaurine from urine-generated a high area under the receiver operating characteristic (ROC) curve value (AUC = 0.8934). Thus, this metabolomics approach appeared to be useful for investigating biomarkers of RA. Combination of plasma and urine analysis may lead to more precise and reliable understanding of the disease condition. We also considered the pathophysiological significance of the found biomarker candidates.
Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune disease which involves inflammation of the synovium and destruction of joint cartilage and bone [1, 2] . RA is pathologically heterogeneous, with many suspected triggers for development of the disease, including environmental [3] , epigenetic [4] , and genetic factors [5] [6] [7] as well as several types of post-translational modifications of proteins [2] . The complexity of the disease is further suggested by the various clinical a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 features of RA, as well as the differences in response to therapies among patients treated with synthetic and/or biological disease modifying anti-rheumatic drugs (DMARDs) [2, 8, 9] .
To date, various omics studies have aimed to better understand the molecular pathophysiology of RA and explore the disease condition in individual patients. In recent years, metabolomics has been acknowledged to be a powerful tool for identifying potential biomarkers in RA patients using different types of samples such as plasma, serum, urine, and synovial fluids [10] [11] [12] [13] [14] . The advantages of metabolomics may not only be in the discovery of biomarkers but also in the identification of rapid physiological responses according to disease activities, as well as in evaluation of the prognosis and therapeutic response to treatment and understanding the pathophysiology of the disease. However, the correlation of the dynamics of metabolites with the disease activity of RA has not been well investigated.
In this study, we obtained urine and plasma samples from biologics-naive RA patients, and searched for metabolites associated with disease activity using capillary electrophoresis quadrupole time-of-flight mass spectrometry (CE-Q-TOFMS). This method allows almost any polar and charged species to be analyzed, combines high-resolution separations with high detection selectivity and sensitivity, and maintains high reproducibility [15, 16] .
Materials and methods

Study cohorts
The study protocol was approved by the Ethics Committee, Kyoto University Graduate School and Faculty of Medicine. We collected blood and urine from 50 RA patients diagnosed with RA based on the American College of Rheumatology guidelines at the Rheumatic Disease Center, Kyoto University Hospital. The data of one male patient was omitted because he was receiving hemodialysis. No patient had received treatment with biologics, and RA disease activity was categorized based on the 28-joint disease activity score based on erythrocyte sedimentation rate (DAS28-ESR). Patients with DAS28-ESR�3.2 and those with DAS28-ESR<3.2 were defined as active and inactive patients, respectively. Other clinical information was obtained from the medical records. Blood was collected from 10 non-RA volunteers matched for age and gender who served as controls. All RA patients and control subjects were recruited from November 2012 to May 2013, and written informed consent was obtained from all participants on the day of sampling.
Sample preparation
All blood and urine samples were kept at 4˚C immediately after collection and processed within 1 hour. Plasma were prepared from EDTA-anticoagulated blood. All plasma and urine samples were aliquoted and stored at -80˚C until further analysis.
Metabolomics analysis
Plasma or urine samples (50 μL) were added to 450 μL of methanol (134-14523, FUJIFILM Wako Pure Chemical Corporation [Wako], Osaka, Japan) containing internal standards (H3304-1002; Human Metabolome Technologies, Inc.
[HMT], Tsuruoka, Japan), 200 μL of Milli-Q water and 500 μL of chloroform (033-08631, Wako). The samples were then thoroughly mixed by vortex mixer and centrifuged at 9,100 × g at 4˚C for 20 min. Subsequently, 350 μL of the upper aqueous layer was centrifugally filtered through a 5-kDa cutoff filter (provided by HMT) at 9,100 × g overnight at 4˚C to remove proteins and macromolecules. The filtrate was evaporated and resuspended in 50 μL of Milli-Q water containing internal standards (H3304-1004, HMT) for CE-Q-TOFMS.
A Capillary Electrophoresis System (Agilent Technologies, Santa Clara, California) with an Agilent 6510 Q-TOF mass spectrometer (Agilent Technologies) was used for CE-Q-TOFMS. The fused silica capillary and analysis reagents were provided by HMT. To analyze cationic metabolites, the sample solution was injected at a pressure of 50 mbar for 10 s, and the applied voltage was set at 27 kV. Capillary and fragmenter voltage in positive ion mode were set at 4000 and 80 V. A flow rate of heated dry N2 gas (heater temperature, 300˚C) was maintained at 5 psig and 7 L/min. The spectrometer was scanned from m/z 100 to 3000. To analyze anionic metabolites, the sample solution was injected at a pressure of 50 mbar for 25 s, and the applied voltage was 30 kV. Capillary and fragmenter voltage in negative ion mode were set at 3500 and 125 V. A flow rate of heated dry N2 gas (heater temperature, 300˚C) was maintained at 5 psig and 7 L/min. The spectrometer was scanned from m/z 100 to 3000. Other conditions were as described previously [17] , with slight modifications.
Data processing of MS was started by extracting peaks using MasterHands automatic integration software (Keio University, Tsuruoka, Japan) to obtain peak information, including m/ z, migration time (MT), and peak area [18] . Signal peaks corresponding to isotopomers, adduct ions, and other product ions of known metabolites were excluded, and remaining peaks were annotated with putative metabolites from the MasterHands database based on their MTs and m/z values. The tolerance range for the peak annotation was configured at ±0.2 min (Anion)/±1.0min (Cation) for MT and ±40 ppm for m/z. In addition, peak areas were normalized against those of the internal standards, and relative area values of urine samples were further normalized by creatinine 13 C peak. The metabolite IDs were adopted from the Kyoto Encyclopedia of Genes and Genomes database (KEGG, https://www.genome.jp/kegg/).
Statistical analysis
Student's t test or Welch's t test was performed to assess statistical significance of differences between the two groups using Genedata Analyst (Genedata AG., Basel, Switzerland). Fisher's exact test was performed to assess categorical variables with JMP Pro 12.2.0 (SAS Institute Inc., Cary, NC, USA). Correlation of metabolites with DAS28-ESR was analyzed by the Spearman rank correlation test with JMP Pro. Principal component analysis (PCA), partial least-squares discriminant analysis (PLS-DA) and validation of the PLS-DA model by permutation tests were conducted with normalize metabolomics data using MetaboAnalyst 4.0 (ref [19] , http://www. metaboanalyst.ca/). A multiple logistic regression (MLR) model to discriminate active and inactive cohorts was developed by a stepwise variable selection method (forward and backward selection), conducted with a threshold of p<0.1 for adding and eliminating features with JMP Pro.
Results
Subject characteristics
The primary characteristics of the RA patients and control subjects are shown in Table 1 . We recruited 32 active (DAS28-ESR�3.2) and 17 inactive (DAS28-ESR<3.2) RA patients. Most RA patients had been treated with methotrexates and/or glucocorticoids, and none had been treated with biologics.
Comparison of metabolites in plasma between RA patients and control subjects
Using the CE-Q-TOFMS method, 104 metabolites in plasma and 217 metabolites in urine were identified and quantified (S1 Dataset). Since ketoprofen found in urine was an exogenous metabolite, we excluded it from the following analysis.
First, to evaluate the validity of the collected patient samples, principal component analysis (PCA) was performed using plasma metabolites from RA patients and control subjects, but the results showed no solid separation between the two groups (S1 Fig) . However, when PLS-DA was performed, results demonstrated an acceptable cluster between the two groups ( When the metabolites from RA patients and controls were compared, we found 24 metabolites that were significantly different (Welch t-test with p<0.05) between the two groups ( Table 2) . Some of the metabolites were in agreement with previously published data that compared RA patients and control subjects, such as decreased levels of histidine, methionine, and serine, and increased levels of glyceric acid, phenylalanine, and tyrosine in RA patients [12, 14, [20] [21] [22] . Moreover, the identified metabolites were major intermediates of metabolic pathways, including glycolysis, the tricarboxylic acid (TCA) cycle, and pathways involving amino acid metabolism, which were also in agreement with previous reports [12, 14] . These data suggest that the collected samples were not derived from exceptional RA patients.
Metabolites associated with DAS28-ESR
Next, we sought biomarkers that were associated with RA disease activity. We performed PCA between active (DAS28-ESR�3.2) and inactive (DAS28-ESR<3.2) patients based on metabolic profiles in plasma and urine, but no solid separation was seen ( S3 Fig). PLS-DA apparently showed a clear separation, but the result suggested overfitting (S4 Fig). Thus, we decided to search for metabolites that significantly correlated with DAS28-ESR. As a result, we found 7 and 8 metabolites that positively and negatively correlated with DAS28-ESR, respectively, in patient plasma samples (Table 3) , and 16 and 4 in urine, respectively. There were no overlapping metabolites in both plasma and urine.
Further, we compared metabolites between active and inactive patients. As shown in Table 4 , 9 metabolites in plasma and 15 metabolites in urine were identified to be significantly different (Welch t-test with p<0.05) between active and inactive RA patients. Again, there were no metabolites that were detected both in plasma and urine. Values are expressed as mean ± standard deviation (SD) and ranges (minimum to maximum).
https://doi.org/10.1371/journal.pone.0219400.t001
Consequently, we selected 11 metabolites as biomarker candidates, which significantly correlated with DAS28-ESR, either positively or negatively, as well as those that were significantly different between active and inactive patients. The 11 metabolites were as follows: guanidoacetic acid, histidine, homoarginine or N6,N6,N6-trimethyllysine, N,N-dimethylglycine, and urea in plasma, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 2-quinolinecarboxylic acid, gibberellic acid, hypotaurine, N-acetylglucosamine 1-phosphate, and riboflavin in urine. 
MLR analysis
We developed MLR model to search for potential biomarkers of RA disease activity. First, we selected three metabolites, histidine and guanidoacetic acid in plasma and hypotaurine in urine, as MLR variables, which were metabolites that both correlated significantly with DAS28-ESR and significantly differed between active and inactive patients, by stepwise feature selection. Taking these three factors, the model yielded a high value of area under the receiver operating characteristic (ROC) curve (AUC = 0.8934), as shown in Fig 2. This result indicated that combining plasma and urine metabolomics analysis also identified biomarkers that correlated closely with the disease activity of RA patients.
Discussion
In this study, we found several candidate biomarkers of RA disease activity from metabolites in plasma and urine by the CE-Q-TOFMS method. Interestingly, only a few common metabolites were found in plasma and urine, which implied that different biomarkers could be found from the two biofluids. Indeed, we identified two metabolites in plasma, histidine and guanidoacetic acid, and one metabolite, hypotaurine, in urine, as possible biomarkers that may be closely associated with RA disease activity. As in our study, low histidine concentration has been previously reported in RA [20] [21] [22] , as well as in other diseases, such as chronic kidney disease and gallbladder inflammation with chronic cholecystitis [23, 24] . Since histidine is considered to be an anti-inflammatory and antioxidant factor [25, 26] , it may be associated with the inflammation state. However, we found no other metabolites in histidine-related metabolic pathways that are associated with RA disease activity. Thus, further investigation is needed to find the underlying mechanism of how histidine level decreases in RA patients. Guanidoacetic acid is involved in the arginine metabolism pathway. It is synthesized by the enzyme arginine:glycine amidinotransferase (AGAT) from arginine or glycine. Homoarginine is also synthesized by AGAT from arginine or lysine [27] , and both guanidoacetic acid and homoarginine were inversely correlated with DAS28-ESR and decreased in active RA patients (Tables 3 and 4 ). In the pathway, guanidoacetic acid is then synthesized into creatine by guanidoacetic acid N-methyltransferase, which is subsequently catalyzed by creatinase to produce urea and sarcosine, both of which correlated significantly with DAS28-ESR in plasma (Table 3 ). These data suggest that the metabolism of arginine/glycine/lysine-guanidoacetic acid/homoarginine-urea/sarcosine pathway may be dysregulated as RA disease activity increases. Although only a few reports have reported a decrease in guanidoacetic acid level in disease, low homoarginine concentration is reported to be associated with myocardial dysfunction [28, 29] and renal failure [29, 30] , and also affects the production of vasodilator nitric oxide (NO) and mineral metabolism [29] . As it is well-known that RA is sometimes comorbid with cardiovascular or renal diseases, dysregulation of the arginine metabolism pathway, represented by lower homoarginine and guanidoacetic acid in active patients, may be closely associated with the risk of these comorbidities. Hypotaurine, another potential biomarker identified in urine, is reported to be involved in protection against oxidative stress [31] . Interestingly, we found in this study that several metabolites in the cysteine and methionine metabolism pathway, which is upstream of the taurine and hypotaurine metabolism pathway, is associated with RA disease activity. For example, cysteine and methionine in plasma positively and inversely correlated with DAS28-ESR, respectively (Table 3) . Also, in urine, homoserine and gamma-glutamyl-2-aminobutyrate positively correlated with DAS28-ESR (Table 3) , and ophthalmic acid was elevated in active RA patients (Table 4) . These are also involved in the cysteine and methionine metabolism pathway. Furthermore, cysteine is known to be a component of the antioxidant glutathione and is involved in the transsulfuration pathway, which consists of interconversion of cysteine and homocysteine through the intermediate cystathionine [32] . Since some of the intermediates in this pathway correlate with DAS28-ESR, our study strongly suggests that the reverse transsulfuration pathway is actively induced as RA disease activity increases. Hydrogen sulfide (H 2 S), which is also produced from cysteine, is known as a signaling molecule that regulates the physiological process in inflammations [33, 34] , and is reported to be increased in synovial fluids in RA patients [35] . Therefore, some pathways downstream of cysteine might be activated and the increase in urinary hypotaurine may represent these metabolic changes in active RA disease.
Taken together, we were able to discover the metabolites from plasma and urine that could be a combinatorial biomarker for RA. This finding supports the use of metabolomics analysis as a promising way to search for disease biomarkers, and to obtain deep insights into the disease pathophysiology, especially with multiple fluid/tissue samples. Metabolomics in combination with other omics methods, such as transcriptomics and proteomics, and the combination of the information obtained with that of other diseases would be beneficial for the better understanding of the state and course of individual RA patients such as with regard to the risk of comorbidity. However, confirming the validity of the biomarker candidates and the significance of the metabolic pathway in RA pathophysiology found in this study requires further study with a new and different set of samples and a larger sample size. We should also confirm whether or not the candidates were specific for RA, because we could not exclude the possibility that the metabolites correlated with the general inflammation process.
Conclusions
We employed metabolic profiling using the CE-Q-TOFMS method to identify metabolites that were associated with disease activity in plasma and urine of patients with rheumatoid arthritis. As a result, we generated a list of metabolites that correlated significantly with DAS28-ESR, as well as metabolites that significantly differed between patients with active and inactive RA. Using both lists, three metabolites-histidine and guanidoacetic acid in plasma and hypotaurine in urine-were selected as MLR variables. Thus, this study demonstrates that the combination of metabolomics analysis of both plasma and urine samples is a useful approach to predicting biomarkers for RA and obtaining deep insights into the pathophysiology of this disease. (TIF)
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